Abstract: Drag force at the bed acting on water flow is a major control on water circulation and sediment transport. Bed drag has been thoroughly studied in sandy waters, but less so in muddy coastal waters. The variation of bed drag on a muddy shelf is investigated here using field observations of currents, waves, and sediment concentration collected during moderate wind and wave events. To estimate bottom shear stress and the bed drag coefficient, an indirect empirical method of logarithmic fitting to current velocity profiles (log-law), a bottom boundary layer model for combined wave-current flow, and a direct method that uses turbulent fluctuations of velocity are used. The overestimation by the log-law is significantly reduced by taking turbulence suppression due to sediment-induced stratification into account. The best agreement between the model and the direct estimates is obtained by using a hydraulic roughness of 10 −4 m in the model. Direct estimate of bed drag on the muddy bed is found to have a decreasing trend with increasing current speed, and is estimated to be around 0.0025 in conditions where wave-induced flow is relatively weak. Bed drag shows an increase (up to fourfold) with increasing wave energy. These findings can be used to test the bed drag parameterizations in hydrodynamic and sediment transport models and the skills of these models in predicting flows in muddy environments.
Introduction
Bottom shear stress (τ b ) affects turbulent mixing in water, flow momentum, vertical structure of flow in the water column, and, therefore, water circulation. This makes bed drag critical for not only sediment mobility and transport but also ecological, biological, and chemical processes in water [1, 2] . The turbulent part of the direct estimate of τ b is −ρu w (turbulent vertical transport of horizontal momentum, i.e., Reynolds stress) where ρ is the density of water, the overbar indicates Reynolds averaging, u is the horizontal velocity, w is the vertical velocity, and prime denotes turbulent fluctuations (e.g., [3] ). Bottom shear stress is parametrized as τ b = ρu 2 * where u * is the bottom friction velocity. Through quadratic drag relation τ b = ρC d U 2 cur , where U cur refers to the horizontal mean current velocity, bed drag coefficient is estimated as C d = (u * /U cur ) 2 . Estimates of bed drag based on field observations are essential to understanding natural conditions. These field estimates of bed drag can be also used to calibrate hydrodynamic and sediment transport models and test the bed drag parametrizations implemented in these models. A common empirical method to get indirect estimates of bed drag is to assume that the vertical structure of horizontal current velocity follows the logarithmic law of the wall [4] . This log-law is practical as it uses the mean current velocity profiles instead of the covariance of turbulent velocity fluctuations. However, the log-law is difficult to apply in weak flow conditions and it does not account for stratification effects on flow. Near-bed stratification due to sediment resuspension can reduce the bottom drag [5] [6] [7] [8] . On the other hand, as shown by field measurements [9] and model predictions [10] , surface wave-induced turbulence within the relatively thin wave boundary layer near the bed nonlinearly interacts with steady current flow and enhances bottom friction, which affects the vertical structure of flow throughout the water column. Numerical bottom boundary layer models are useful for investigating these combined wave-current flow and sediment processes [11] , but these models usually include calibration parameters that introduce uncertainties to bottom stress estimates, and they can also be computationally expensive. Simplified theoretical models of combined wave-current flow in the bottom boundary layer [12] are also based on more restrictive assumptions. Therefore, direct estimates of bottom stress which use measurements of turbulent fluctuations of velocity instead of relying on the assumptions of numerical or empirical models are critical. In field settings where waves are energetic, wave-induced velocity fluctuations introduce bias to direct estimates of bottom stress. Relatively simple methods to reduce this wave bias, such as ensemble averaging (in the time domain) and high-pass filtering (in the frequency domain) are not easily applicable in field conditions where dominant wave frequency varies. One common method to obtain a direct estimate of bottom stress in wave-energetic field environments is to apply a linear filter between synchronized pressure and velocity measurements and identify velocity fluctuations coherent with pressure as wave oscillations [13] . However, this approach does not account for wave directionality or nonlinear waves. In order to reduce wave bias in direct estimates of stress, and also to account for nonlinear waves and wave directionality, a method that uses two synchronized velocity sensors estimates the stress as the covariance of the horizontal velocity difference between the two sensors and the vertical velocity difference between the two sensors [14] .
Although there have been several studies on bed drag in sandy environments (e.g., [6, [15] [16] [17] [18] [19] [20] ), bed drag in muddy environments and its variation with wave energy have remained relatively unexplored. In this study, the variation of bed drag under combined wave and current flow on a shallow, muddy shelf is investigated. Bottom stresses are estimated using (i) the indirect empirical log-law method; (ii) a bottom boundary layer model for combined wave-current flow; and (iii) the direct dual-sensor method that uses turbulent velocity fluctuations. The inter-comparison among these different methods is done. The variation of bottom stress and bed drag as a function of wave and current flow and stratification conditions is evaluated.
Materials and Methods

Study Site
The study site is the muddy Atchafalaya Shelf in the northern Gulf of Mexico, USA (Figure 1 ). The Atchafalaya Shelf was selected due to its very mild slope (~0.1%) and large mud input to the shelf by the Atchafalaya River. This high discharge of mud is noted to both cause accretion over the shelf and experience net westward transport due to prevailing winds. The two-week-long data set was collected at 5 m water depth between 26 March and 8 April 2008, during spring when waves and currents are energetic in the area due to periodic storms. Flows associated with these winter and early spring storms control the shelf circulation and sediment transport over the shelf. Tides are controlled mainly by a diurnal signal with average water level changes of about 0.6 m amplitude. Bottom sediment, dominated by cohesive sediments with relatively small fine sand content, is characterized with a median primary particle diameter of D 50 = 5 µm, which is classified as very fine silt. For a more detailed description of the atmospheric and oceanic conditions and the sedimentology of the field site, the reader is referred to related references [21, 22] . 
Field Experiment
The configuration of the instruments on the platform is shown in Figure 2 . Two Acoustic Doppler Velocimeters (ADV, SonTek, San Diego, CA, USA) collected synchronized measurements of pressure and three components of velocity at 10 Hz. Both of the ADVs sampled for 10 min every hour. One ADV was upward-pointing with its velocity sampling volume at 145 cm above bed and pressure sensor at 87 cm above bed; the other ADV was downward-pointing with its velocity sampling volume at 17 cm above bed and pressure sensor at 75 cm above bed. The vertical separation between the two velocity sensors (r s , 128 cm) and the vertical distance of the bottom sensor above the bed (z b , 17 cm) were set to satisfy the r s /z b > 5 requirement for achieving low cross-sensor correlation of turbulence-induced velocities [23] . Power-spectra were obtained based on these ADV measurements, with a frequency resolution of 0.02 Hz and 22 degrees of freedom, and used for determining bulk wave parameters such as significant wave height, bottom orbital velocity, etc.
A downward-pointing Pulse Coherent Acoustic Doppler Profiler (PC-ADP, Sontek/YSI, San Diego, CA, USA) collected high-resolution observations of pressure and vertical structure of near-bed flows and acoustic backscatter. These near-bed measurements were collected at 2 Hz in 27 bins of 3.2 cm, with a 15 cm blanking distance between the signal transmissing head and the first measurement bin, where no data is available, for the system to recover from acoustic pulse transmission. In synchronization with the PC-ADP, two Optical Backscatter Sensors (OBS-3, D&A Instruments, Port Townsend, WA, USA) measured turbidity. Both OBS-3 sensors were calibrated using field samples of sediment and water, collected at the study site, to estimate suspended sediment concentration. The OBS-3s were mounted at 16 and 42 cm above bed. In addition to these water column measurements, wind velocities above the sea surface were measured using an Onset HOBO station. 
Methods
Logarithmic Law of the Wall
The logarithmic law of the wall (log-law) in an unstratified turbulent boundary layer states:
where κ = 0.41 is von Karman's constant, z is the distance above bed, and z o describes a finite elevation above the bed where the velocity is assumed to be zero. Commonly, z o is defined by relating it to hydraulic roughness as k s = 30z o [24] . As surface waves enhance the bed drag experienced by currents due to near-bed turbulence within the wave boundary layer [9, 10] , u * is estimated in this study by reconstructing logarithmic profiles (Equation (1)) in a least-squares sense based on the PC-ADP current velocity profiles (u(z)) outside the wave boundary layer of a few cm [25] . The logarithmic fitting is done iteratively; after excluding the first two bins above the bed, it starts by fitting the velocity measurements at the first three bins above those two bins. The first profile is accepted if r 2 > 0.9 where r is the correlation coefficient. The bins above the first three bins are added into the logarithmic fit as long as the resulting r 2 increases. Further details on this procedure can be found in the related references [22, 26] . Log-law estimates of bottom stress (τ b = ρu 2 * ) were obtained from logarithmic layers spanning the entire PC-ADP profiling range for 86% of the experiment duration with an average r 2 = 0.98.
Bottom Boundary Layer Model
A bottom boundary layer model for combined wave-current flow [12] is used here. In this model, turbulence closure is achieved with a two-layer eddy viscosity formulation, where the eddy viscosity is time-invariant and scales with (i) bottom friction velocity due to combined wave-current flow within the wave boundary layer; and (ii) bottom friction velocity due to current flow outside the wave boundary layer. The bottom boundary layer model inputs are the current speed at a given height, bottom wave orbital velocity and excursion amplitude, the angle between current direction and wave direction, and hydraulic roughness, k s . The model procedure to estimate bottom stress τ b is iterative. In the first iteration, current-induced forcing is taken as zero; a wave friction factor is estimated; and a first approximation of bed stress is obtained. The relative importance of waves is updated in the model using this first approximation of stress, and this iterative procedure is repeated until a convergence within 1% is obtained, which is generally achieved within a few iterations. Further details on the physics and operation of the model can be found in the related reference [12] . Here, bottom stress (τ b ) estimates from the model are obtained for k s = 10 −5 m, 10 −4 m, 10 −3 m, the first of which corresponds to 2D 50 (Section 2.1), i.e., the roughness due to only the primary sediment particle on the bed [24, 27] .
Dual-Sensor Method
The dual-sensor approach is based on the assumption that wave-and turbulence-induced velocities are uncorrelated; it also requires the correlation between the two sensors to be low for turbulence-induced velocities and high for wave-induced velocities. The initially proposed method [14] was advanced, to further reduce wave bias, by differencing after mapping the velocities at one of the sensors based on the velocities at the other sensor using linear filtration [28] . Near-bed Reynolds stress is directly estimated as the negative product of the water density and the integral of the real part of the cross-spectrum (i.e., co-spectrum, [29] ) of the horizontal velocity difference and the vertical velocity difference between the two sensors:
Subscripts denote the number of velocity sensor (ADV), Co denotes co-spectrum, f is the frequency, ∆u = u 1 − u 21 and ∆w = w 1 − w 21 , such that subscript 21 denotes the velocity measured at ADV-2 and mapped to ADV-1 using least squares linear adaptive filtering [30] . Mapped velocities are the velocity fluctuations due to wave motion, correlated at the two sensors. Cross-spectra are obtained with a frequency resolution of 0.02 Hz and 22 degrees of freedom, like the spectra used for obtaining bulk wave parameters. For about half of the experiment duration, direct estimates of near-bed stress are obtained [31] .
A full description of near-bed stresses would also include the viscous shear stress, i.e., τ ν = ρν(du/dz), where ν is the kinematic viscosity of water. Therefore, τ ν is calculated within the profiling range of the current profiler (which does not resolve the viscous sublayer) and is found to be O (0.001 Pa), much smaller than the near-bed Reynolds stress estimates, and is not shown here. It also needs to be mentioned that while the Reynolds stresses are estimated here in a more direct manner (by taking the actual turbulent fluctuations of velocity into account) compared to the two other methods, there is still the major assumption, for using this Reynolds stress as an estimate of bed stress, that the measurement elevation (17 cm above bed in the case herein) is within the constant stress region.
Wind Stress
In addition to the near-bed stress estimates based on the three methods described above, wind stress at the sea surface is also calculated. For this, the air-sea drag coefficient is calculated [32] . The formulation used herein is based on the results of an eddy correlation method that used open ocean momentum flux measurements. As a function of wind speed, the method gives the air-sea drag coefficient, which is used for estimating wind stress at the sea surface. Figures 3 and 4 summarize the conditions observed during the two-week-long experiment. Part of the ADV observations were presented before [31] , so they were briefly discussed here. Winds were northward for most of the experiment (Figure 3a) , with an average speed of 5.6 m/s. The sudden shift in wind direction to southward on 5 April (Figure 3a) is a characteristic of the typical atmospheric cold fronts that pass over the Atchafalaya Shelf in early spring. The strongest wind event observed was of moderate energy, with speeds reaching 12 m/s on 31 March (Figure 3a) . Short wave energy at frequencies greater than 0.2 Hz (Figure 3b ) and significant wave height in this band, with a maximum of 1 m (Figure 3d ), are correlated with the wind energy (Figure 3a) . The swell band (longer waves defined as frequencies less than 0.2 Hz) mostly had significant wave heights less than 0.25 m but had a spectral peak (Figure 3b ) with significant wave heights exceeding 0.5 m on 5 April (Figure 3d) , coinciding with the shift in wind direction (Figure 3a ). Waves were mostly northward during the experiment (Figure 3c ), but they also switched direction on 5 April, similar to the winds. Wave orbital velocities at the bed (U orb ) during the swell peak at 5 April were near 0.6 m/s (Figure 3e ) and greater than those observed during the strongest wind event. Mean water level changes, dominated by a diurnal tidal signal, were about 0.6 m on average and reached 0.7 m during the strongest wind event (Figure 4a 
Results
Field Observations
Stress Estimates
The estimated wind stresses have a maximum of 0.2 Pa (Figure 6a ). At the experiment site, which was outside of the surf zone (ratio of significant wave height to depth <0.2 throughout the entire experiment duration), bottom stresses are expected to be the same order of magnitude as the wind stress since the alongshore momentum balance outside the surf zone is expected to be between bottom stress and wind stress [33] . All three methods returned bottom stress estimates that were correlated with each other and also with the wind stress ( Figure 6 ). The stress peaks on 27 March, 31 March, and 4 April all coincide with the periods of relatively strong wave energy (Figure 3) , high current speeds (Figure 4b) , and near-bed sediment resuspension (Figure 4c) . The wind stress, direct estimates of near-bed stress and model results (for all three roughness values tested) are all between 0 and 0.4 Pa (Figure 6a,c,d ). The log-law estimates, on the other hand, are consistently greater than all the other estimates (Figure 6b ), exceeding 2 Pa on 31 March. The log-law estimates of bottom stress, wind stress, and model estimates of bottom stress are compared with the direct estimates of near-bed stress (Figure 7) . There are about 150 data points in each of these comparisons, since that many measurement bursts provided valid direct stress estimates. Although the direct estimates of stress and the log-law estimates are correlated (r 2 = 0.43; y intercept of 0.01; Figure 7a ), the log-law estimates are greater by a factor of seven. The comparison of the wind stresses with the direct estimates of stress, on the other hand, returns a linear least squares regression slope of 1.03 (with r 2 = 0.38; y intercept of 0.03; Figure 7b Comparison of the direct estimates of near-bed Reynolds stress with (a) log-law estimates of bottom stress (blue dots and red line correspond to log-law in Equation (1); green dots and cyan line correspond to the log-law estimates that take stratification into account by Equation (4) [8] ); (b) wind stress at the sea surface; and (c) bottom stress based on the model [12] . Dashed black lines show the one-to-one relationships; red and cyan lines show the linear least squares regressions.
Discussion
It is known that the indirect estimates of bottom stresses based on the log-law (Equation (1)) are significantly overestimated in stratified boundary layers [20] . To evaluate potential suppression of turbulence by sediment-induced stratification, the suspended-sediment-induced gradient Richardson number is estimated as the ratio of stratification effects to vertical shear effects:
where g is the gravitational acceleration, s is the specific gravity of sediment, and φ is the sediment volume concentration. The stabilizing effects of sediment-induced stratification have been observed to be first-order at Ri = 0.03; these effects progressively increase with increasing Ri [34, 35] . At Ri = 0.25, turbulence is significantly suppressed and it can not provide momentum for sediment suspension [34, 35] . Ri is estimated here based on the velocity and sediment concentration measurements at the elevations of the two OBS-3s. Because Ri is found to be greater than 0.03 for the entire duration of the experiment and greater than 0.25 during 60% of the entire duration of experiment (Figure 4d) , the overestimation by the log-law is not surprising. A modified form of the log-law that takes stratification into account is given as [8] :
where the flux Richardson number is calculated as:
and the value of the coefficient A varies in the literature. Here, the estimations are done based on A = 4.7 and A = 14.7 [5] [6] [7] [8] . A = 4.7 reduced the slope of the comparison between the log-law and Reynolds stress estimates from 7 to 2.8; A = 14.7 reduced it to 1.2 ( Figure 7a ; green dots and cyan line). This and the Ri estimates suggest that the stratification effects on the log-law estimates are strong.
The Reynolds stress estimates here are direct estimates of turbulent vertical transport of horizontal momentum near bed. The sediment-induced stratification discussed above also affects these near-bed stresses [36] . Although the variation of these near-bed stresses versus Ri is scattered, it shows an interesting cluster of relatively high stresses at Ri < 0.25 and relatively small stresses (<0.06 Pa) for Ri greater than its critical value of 0.25 ( Figure 8 ). This also indicates the turbulence suppression effect of sediment-induced stratification in the conditions observed here. To get more insight into the variation of bed drag with wave conditions, Figure 10a shows the direct estimates of bed drag as a function of the ratio of current velocity to bottom wave orbital velocity (U cur /U orb ), which is a parameter to quantify the relative importance of waves. For cases with relatively small effect of waves (high U cur /U orb ), C d is found to be around 0.0025 (Figure 10a ). There is also an overall increasing trend in bed drag with decreasing ratio of current velocity to bottom wave orbital velocity, i.e., relatively strong wave energy (Figure 10a ). These results from the muddy study site here are consistent with the previously reported findings in sandy environments [6, [15] [16] [17] 19, 37] . Recalling that k s = 30z o , the best model-data agreement obtained with k s = 10 −4 m (Section 3.2) is also consistent with the z o = 10 −5 m value reported for a site dominated by silt and clay at San Francisco Bay, USA [38] . However, the observations discussed here indicate no fluid mud formation or muddy bed reworking observed in the study region before [39] . Therefore, how bed drag varies in the presence of much higher concentration fluid mud layers remains to be an open question. Figure 10b shows the variation of bed drag with Reynolds number, Re = U cur z/ν. C d has a mostly decreasing trend with increasing Re (i.e., increasing current speed) and it varies within a narrower range as Re increases (Figure 10b ), consistent with previous findings [15, 20] . To evaluate more directly the effect of wave energy on bed drag, the bed drag estimates are divided into two groups, based on the bottom wave orbital velocities. Cases with bottom orbital velocities greater than the median value of 0.23 m/s (Figure 3e ) are defined as high-wave-energy cases; cases with bottom orbital velocities smaller than 0.23 m/s are defined as low-wave-energy cases. High-wave-energy cases are found to be associated with C d values four times greater, on average, than low-wave-energy cases. Wave-induced velocities reaching the muddy bed, which are directly proportional to wave height and period, are enhancing the turbulence near the bed and causing this increase in bed drag [18, 40] . It still needs to be stressed that a wave-current interaction formulation implemented in hydrodynamic models without accounting for stress-reducing effects of sediment-induced stratification could be misleading [16, 17] . 
Conclusions
The variation of bed drag in a mud-dominated environment under wave action is investigated here, using field observations of waves, currents, and suspended sediment concentration. During diurnal water level changes of 0.6 m average amplitude and moderate wind and wave events at 5 m depth on a mild slope, muddy shelf, winds in excess of 10 m/s generated short waves with 1 m height and longer waves with 0.5 m height. During these windy periods, wind-and tide-induced currents reached 0.5 m/s within the first meter above the bed. Intercomparison of resulting bottom stresses, estimated by three methods (an empirical method, a bottom boundary layer model, and a direct method that uses turbulent velocity fluctuations) is done, followed by the investigation of the variability of direct estimates of bed drag with wave and current conditions. Although the near-bed structure of current velocities within the first meter above the bed was observed to be logarithmic during the majority of the experiment, the empirical estimates of bottom stress based on log-law are overestimated. This discrepancy was shown to be the result of sediment-induced stratification effects and was significantly reduced by taking these effects into account. The trend and magnitude of the direct estimates of near-bed stress based on the dual-sensor method are similar to the wind stresses. The bottom boundary layer model for combined wave-current flow provides estimates of bottom stress that compare best with these direct estimates when a hydraulic roughness of 10 −4 m is used in the model. Relatively large and small near-bed stresses are clustered at conditions with Ri < 0.25 and Ri > 0.25, respectively.
The direct estimates of bed drag coefficients show an overall decrease with increasing current speed, during periods both with and without strong wave energy. The estimated bed drag coefficients are about 0.0025 in relatively strong current flow conditions and increase by a factor of four, on average, in strong wave energy conditions. Although this study's results on bed drag are from one field site and investigations in other muddy sites may seem necessary, the findings here are consistent with the observations in sandy environments, and they can be used to test the skills of hydrodynamic and sediment transport models in muddy environments by taking into account the effects of both waves and sediment-induced stratification.
